Abstract: Perinatal stroke causes most hemiparetic cerebral palsy, resulting in lifelong disability. We have demonstrated the ability of robots to quantify sensory dysfunction in hemiparetic children but the relationship between such deficits and sensory tract structural connectivity has not been explored. It was aimed to characterize the relationship between the dorsal column medial lemniscus (DCML) pathway connectivity and proprioceptive dysfunction in children with perinatal stroke. Twenty-nine participants (6-19 years old) with MRI-classified, unilateral perinatal ischemic stroke (14 arterial, 15 venous), and upper extremity deficits were recruited from a population-based cohort and compared with 21 healthy controls. Diffusion tensor imaging (DTI) defined DCML tracts and five diffusion properties were quantified: fractional anisotropy (FA), mean, radial, and axial diffusivities (MD, RD, AD), and fiber count. A robotic exoskeleton (KIN-ARM) tested upper limb proprioception in an augmented reality environment. Correlations between robotic measures and sensory tract diffusion parameters were evaluated. Lesioned hemisphere sensory tracts demonstrated lower FA and higher MD, RD, and AD compared with the non-dominant hemisphere of controls. Dominant (contralesional) hemisphere tracts were not different from controls. Both arterial and venous stroke groups demonstrated impairments in proprioception that correlated with lesioned hemisphere DCML tract diffusion properties. Sensory tract connectivity is altered in the lesioned hemisphere of hemiparetic children with perinatal stroke. A correlation between lesioned DCML tract diffusion properties and robotic proprioceptive measures suggests clinical relevance and a possible target for therapeutic intervention. Hum Brain Mapp 38:2424-2440, 2017.
INTRODUCTION
Perinatal ischemic stroke is a common focal brain injury occurring between gestational week 20 and the 28th postnatal day [Raju et al., 2007] . Neuroimaging studies have defined two common ischemic stroke diseases: arterial ischemic stroke (AIS) and periventricular venous infarction (PVI) [Kirton et al., 2008] . Most AIS result from middle cerebral artery (MCA) occlusion in term newborns, resulting in damage to cortical and subcortical structures [Kirton et al., 2011] . In contrast, PVI is a subcortical white matter lesion occurring preterm, in utero secondary to germinal matrix hemorrhage. Both AIS and PVI typically injure brain structures involved in motor control, resulting in contralateral motor dysfunction (hemiparetic cerebral palsy, CP) [Kirton and DeVeber, 2013] . In addition to motor disability, sensory impairments may also be common in CP, including deficits in passive motion sense [Tizard et al., 1954; Van Heest et al., 1993; Wann, 1991] , tactile discrimination [Auld et al., 2012] , and stereognosis [Tizard et al., 1954; Van Heest et al., 1993] . However, previous studies have not been specific to perinatal ischemic stroke and tools for the objective quantification of sensory function have been limited.
Proprioception is a complex somatosensory modality that utilizes input from muscle, joint, and cutaneous afferent fibers to perceive position (position sense) and motion (kinesthesia) generated by the body [Proske and Gandevia, 2012; Sherrington, 1907] . Intact proprioception is essential for optimal motor control [Scott, 2012] , maintaining the cortical representation of the body [Schabrun and Hillier, 2009] , and is likely necessary for recovery of movement and function after brain injury [Tyson et al., 2008] . The dorsal column medial lemniscus (DCML) pathway primarily carries proprioceptive information from peripheral receptors to the somatosensory cortex in the post-central gyrus. This information is further processed in the posterior parietal cortex, as well as Brodmann's area 7 for visualproprioceptive integration [Andersen, 1997; Lacquaniti et al., 1995] . Studies in adult stroke survivors have found proprioceptive deficits to be associated with damage to parietal and temporal lobe regions [Findlater et al., 2016; Kenzie et al., 2015] .
Historically, a major challenge in quantifying proprioception has been that existing clinical tools lack sensitivity to small changes, offer poor reliability, and carry the potential for examiner bias [Elangovan et al., 2014; Garraway et al., 1976; Lincoln, 1991] . Advances in robotic technology provide more detailed, objective, and reliable methods for studying proprioceptive function in healthy and diseased populations. The kinesiological instrument for normal and altered reaching movements (KINARM) exoskeleton robot has been developed to objectively assess position sense , kinesthesia [Semrau et al., 2013 , and unilateral motor function [Coderre et al., 2010] in healthy individuals and adult stroke survivors. We recently used KINARM to characterize position sense [Kuczynski et al., 2016] and kinesthetic [Kuczynski et al., 2016, under review] deficits in children with perinatal stroke. Dysfunction in proprioception was common, associated with stroke type, and correlated with functional disability, supporting clinical relevance of proprioceptive dysfunction in daily function. However, the neuroanatomical alterations and physiological mechanisms that underlie such proprioceptive dysfunction after perinatal stroke are unknown.
Diffusion tensor imaging (DTI) can evaluate structural connectivity by examining the direction and intensity of water diffusion in white matter tracts to reveal the characteristics of tissue microstructure, facilitating the study of sensory pathways [Lai et al., 2014] . Multiple DTI studies evaluating the corticospinal tract after perinatal stroke [van der Aa et al., 2013; Jaspers et al., 2015; Lennartsson et al., 2015; Roze et al., 2012] have defined imaging biomarkers associated with clinical outcome such as decreased fractional anisotropy (FA) in the lesioned hemisphere. Whether diffusion imaging of sensory pathway structural connectivity carries the same potential has not been determined.
In this prospective case-control study, we compared DCML diffusion parameters in hemiparetic children with perinatal stroke and typically developing controls. We hypothesized that sensory tract diffusion properties in the lesioned hemisphere would differ between stroke groups and controls, the degree of which would correlate with robot-quantified position sense and kinesthetic impairments.
METHODS

Participants
Participants were enrolled through the Alberta Perinatal Stroke Project, a population-based research cohort. Inclusion criteria were age 6-19 years, term birth (36 weeks), unilateral MRI-confirmed perinatal stroke (arterial or venous) [Kirton et al., 2008] , clinical confirmation of symptomatic hemiparetic CP including Pediatric Stroke Outcome Measure (PSOM) [Kitchen et al., 2012] sensorimotor component 0.5, Manual Abilities Classification System (MACS) [Eliasson et al., 2006] grade I-IV, and child and parent perceived functional limitations. Exclusion criteria were: (1) multifocal stroke, (2) other neurological disorders not attributable to stroke, (3) severe hemiparesis (MACS grade V), (4) severe spasticity (Modified Ashworth Scale 5 4) or contracture, (5) upper limb surgery or botulinum toxin injections in the last 6 months, and (6) inability to comply with testing protocols.
Typically developing children comparable in age and sex were recruited from the community and underwent identical evaluations. Healthy controls were right-handed per the Edinburgh Handedness Inventory [Oldfield, 1971] . The study was approved by the Research Ethics Board at r Sensory Tractography in Perinatal Stroke r r 2425 r the University of Calgary. Written informed consent and assent was obtained.
Imaging Acquisition and Fiber Tracking
Participants were imaged using the Alberta Children's Hospital 3T MRI (GE Discovery MR750w, GE Healthcare, Waukesha, WI) using a 32-channel receive-only head coil (MR Instruments). A fast spoiled gradient echo sequence obtained high-resolution T1-weighted anatomical images with the following parameters: 166 slices, repetition time (TR) 5 8.5 ms, echo time (TE) 5 3.2 ms, flip angle 5 11, field of view 5 256, matrix size 5 256 3 256, axial acquisition, voxels 5 1 mm 3 isotropic. A DTI sequence was acquired using: 32 directions, TR 5 11.5 s, TE 5 69.1 ms, bvalues 5 0, 750 s/mm 2 ; matrix size 5 256 3 256, voxels 5 2.2 mm 3 isotropic, and scan duration 5 6:13 minutes. FSL's Diffusion Toolbox (FDT) was used to correct for eddy current distortions and subject movement in each participant's DWI, followed by the calculation of the diffusion tensor and maps of fractional anisotropy (FA), mean diffusivity (MD), radial (RD), and axial (AD) diffusivity. Images were visually inspected for artifacts.
Probabilistic tractography of DCML sensory tracts was performed using MRtrix software (FA threshold 5 0.2, angle 708, 7,500 streamline samples) [Tournier et al., 2012] . A two region of interest (ROI) approach required streamlines to travel through both the medial lemniscus and ventral posterior lateral (VPL) nucleus of the thalamus. Seed regions were manually defined on color-coded FA maps at anatomically guided locations according to known anatomy (Fig. 1A, B ) [Habas and Cabanis, 2007; Mori et al., 2008; Oishi et al., 2011] . ROIs were drawn on the colorcoded FA maps containing directional information more accurate than the T1 anatomical image to better resolve the position of the VPL thalamus. Spurious fibers from the corpus callosum and cerebellum were identified and removed from the principal sensory tracts. No other trimming was done. In both hemispheres, mean FA, MD, RD, AD, and fiber count was calculated from the entire tract. The DCML tract in the stroke-affected hemisphere was classified as the tract in the non-dominant hemisphere, while the unaffected hemisphere was classified as the dominant hemisphere in stroke cases. In our right-handed controls, the DCML tract in the right hemisphere was classified as the tract in the non-dominant hemisphere, while the tract in the left hemisphere was referred to as the dominant DCML tract. Intra-class correlations (ICC) evaluated intra-rater reliability and were calculated using FA, MD, RD, and AD values from repeat tractography analysis performed by the same blinded investigator on 14 randomly selected participants with at least 2 weeks between sessions.
To demonstrate the specificity of our DCML tract measures and their relationship with robotic proprioceptive measures, we generated the anterior forceps tract in all 50 of our participants. Using MRtrix software (FA threshold 5 0.2, angle 708, 7,500 streamline samples) [Tournier et al., 2012] , we placed the crosshairs of the cursor axially on the middle of the genu and switched to the sagittal view. One ROI of the anterior portion of the corpus callosum was manually defined on the color-coded FA map based on a previous study of segmentation of the corpus callosum (Fig. 1C ) [Hofer and Frahm, 2006] . Fibers from the cingulum were identified and excluded from the overall tract. From the tract generated the mean FA, MD, RD, AD, and fiber count was calculated.
A custom group T1 template was created for healthy controls using Advanced Normalization Tools (ANTs) [Avants et al., 2011] . Normalization of participant brains to the custom T1 template was performed in order for sensory tracts to be overlaid in a common space. SyN symmetric diffeomorphic deformation fields were calculated to transform each participant's T1 anatomical image into the T1 template space. These transformations preserve topology and have been shown to be particularly effective in both normal [Klein et al., 2009] and neurodegenerative [Avants et al., 2008] populations. These same deformation fields were applied to the sensory tract masks to enable spatial comparisons in a common space. Visual inspection was performed at each step to ensure that the warping was accurate and that the stroke lesions were not excessively deformed. Group sensory tract maps (AIS, PVI, controls) were generated by overlaying the tracts in each hemisphere. Degree of overlap of each tract was quantified using a Dice coefficient (similar to a Jaccard index) in relation to one exemplar control using in-house Matlab scripts (Mathworks, Natick, MA). Dice coefficients (DC) compared the similarity of overlap between participants and the exemplar control and were calculated as follows:
where A is the voxel mask for the exemplar voxel (from a representative typically developing control subject) and B is the voxel mask for comparison [Dice, 1945] . Larger Dice similarity coefficients indicated a greater extent of voxel overlap in three dimensions.
Robotic Assessment of Proprioception
Assessments were performed at the Foothills Medical Centre Stroke Robotics Laboratory (Calgary, Canada). A KINARM robotic exoskeleton (BKIN Technologies Ltd., Kingston, Ontario) assessed position sense Kuczynski et al., 2016] and kinesthesia [Semrau et al., 2013; Kuczynski et al., 2016, under review] , as described previously. The robot supported the arms in the horizontal plane with visual feedback via a horizontally mounted display ( Fig. 2A) . The device was custom-fit for each participant including risers for the arm troughs and a booster seat with foam padding for optimal limb positioning in smaller children. Participants completed the position-matching and kinesthesia tasks twice: first with the vision of the upper extremities occluded by an apron and shutter, and subsequently with vision restored. For controls, the robot moved the participant's dominant arm and the subject matched with their non-dominant arm.
For the position-matching task, participants sat comfortably in the modified wheelchair base with elbows flexed. The robot moved the stroke-affected, non-dominant limb (passive arm) to one of nine spatial targets separated by 6 cm. Participants were required to mirror-match the final position with the opposite arm (Fig. 2B) . Each participant completed a total of six blocks of trials where the order of the nine targets was pseudo-randomized for a total of 54 movements. The primary outcome was trial-to-trial variability (Var xy ) of hand position-matched by the unaffected arm compared with the robot movement in centimeters. Secondary outcomes included the area contracted or expanded of the workspace matched by the unaffected arm (Area xy ) and differences in spatial hand position (Shift xy ) between the two arms as measured in centimeters Herter et al., 2014; Kuczynski et al., 2016] .
For the kinesthesia task, the robot moved the strokeaffected or non-dominant arm to one of three spatial locations separated by 12 cm with a speed of 0.18 m/s. As soon as the participant felt the robot move, they were required to mirror-match the sensed amplitude, speed and direction of the robotic movement with their opposite (active) arm (Fig. 2C ). Participants completed six blocks of six trials where targets were ordered pseudo-randomly for a total of 36 trials. The following parameters were measured: (1) Response latency (RL): difference in movement onset (the time at which the participant reached 10% of their maximum hand speed) between the active and passive arms measured in milliseconds; (2) Initial direction error (IDE): angular deviation between the active and passive arms at peak hand speed; (3) Peak speed ratio (PSR): ratio of peak hand speed of the active versus passive arm (ratio closer to 1 indicating better matching of passive hand speed); and (4) Path length ratio (PLR): ratio of the distance travelled by the active arm versus the distance travelled by the passive arm (ratio closer to 1 indicating better matching of length). Standard deviation across all trials described the variability in each measure: RL variability (RLv), IDE variability (IDEv), PSR variability (PSRv), and PLR variability (PLRv) [Semrau et al., 2013] . The primary outcome was IDE (and IDEv).
Clinical Assessment
Standardized clinical sensory assessments were performed by the same physiotherapist blinded to stroke type and physiological assessments at the beginning of each session.
A. Wrist and thumb position sense. The therapist moved the participant's joint up and down three times with vision occluded. Subjects were required to verbally identify the direction of the end joint position. Outcomes were dichotomized as unable to correctly identify position in either thumb or wrist (0) or able to identify (1). B. Thumb localization task (TLT). With vision occluded, the therapist moved and positioned the participant's non-dominant upper limb lateral to the midline and asked the participant to pinch their thumb with the thumb and index finger of their opposite hand Hirayama et al., 1999] . The task was scored on a scale from 0 (no difficulty locating) to 3 (unable to locate). Outcomes were dichotomized as normal (0) or impaired (>0). C. Stereognosis. With vision occluded, standardized objects (nickel, key, and paper clip) were sequentially placed in the palm bilaterally, starting with the non-dominant hand. Participants were asked to verbally identify the object and scored 0 (unable to identify), 0.5 (identified the category but not the object), or 1 (able to identify). Scores were dichotomized as impaired (0) if unable to correctly identify 2 or more objects, or normal (1). D. Graphesthesia. With vision occluded, the back of a pen was used to "draw" a 3, 5, and 7 in the palm bilaterally, starting with the non-dominant hand. Participants verbally identified the number and scored either 0 (unable to identify) or 1 (able to identify). Scores were dichotomized as normal (1) or impaired (0) if unable to correctly identify 2 or more numbers.
Standardized, validated assessments of sensorimotor function to assess bimanual upper extremity function were:
A. Assisting Hand Assessment (AHA), a 22-item assessment measuring bimanual hand function [Krumlinde-sundholm et al., 2007; Krumlinde-sundholm and Eliasson, 2003 ] quantified using logit AHA units ranging from 37 (little to no use of impaired hand) to 100 (normal motor function). B. Melbourne Assessment of Unilateral Upper Limb Function (MA), a 16-task measure of unilateral upper limb motor function [Bourke-Taylor, 2003; Randall et al., 1999] with scores ranging from 0 (inability to perform tasks) to 100 (no difficulty performing tasks).
Statistical Analysis
Kolmogorov-Smirnov tests evaluated normality of data distribution. A one-way, mixed model analysis of covariance (ANCOVA) with Bonferroni post-hoc correction tested for significant differences among the three subject groups for diffusion parameters in each hemisphere while controlling for age. Paired t-tests evaluated differences of diffusion parameters between hemispheres within each group. An ANCOVA with Bonferroni post-hoc correction evaluated the difference between the robotic performances of all three groups while controlling for the effects of age. The relationship between robotic position sense and kinesthesia measures (no vision condition) with DTI parameters was assessed using partial Spearman's correlations controlling for age. A Bonferroni post-hoc test corrected for multiple comparisons (new alpha 5 0.005). Ratios of Area xy , PSR, and PLR were generated by comparing raw values to the median to create one-sided measures. Chi-square tests assessed associations between clinical sensorimotor function and diffusion measures. The developmental trajectories of DTI parameters with age were fitted with quadratic and linear equations based on R squared value. Statistical analyses were performed using SigmaPlot (Systat Software Inc., San Jose, CA), SPSS (IBM, Armonk, NY), and Matlab (Mathworks, Natick, MA) software.
RESULTS
A total of 54 participants were recruited: 21 controls, 18 AIS, and 15 PVI. Four AIS cases were excluded due to inability to generate sensory tracts in their lesioned hemisphere due to extensive white matter damage. The final sample of 50 included 21 controls, 14 AIS, and 15 PVI. Demographic and clinical features of the participants are shown in Table I . Intra-rater reliability was high (ICC > 0.93, P < 0.001) for FA, MD, RD, and AD, and moderate (ICC > 0.81, P < 0.001) for fiber count.
Sensory tracts for a participant from each group are depicted in Figure 3 . Tracts in the lesioned, non-dominant hemisphere for AIS and PVI were often displaced laterally and posteriorly. Mean tract overlap was greatest in the AIS group compared with controls in both the nondominant (DC 5 0.037 6 0.03 versus 0.18 6 0.2, P < 0.01) and dominant (DC 5 0.062 6 0.047 vs. 0.21 6 0.19, P < 0.01) hemispheres. Tracts in the PVI group looked similar to controls but with less density in both the non-dominant (DC 5 0.081 6 0.04 vs. 0.18 6 0.2, P 5 0.07) and dominant (DC 5 0.15 6 0.05 vs. 0.21 6 0.19, P 5 0.07) hemispheres.
Non-Dominant Hemisphere DCML Diffusion Parameters
All five white matter parameters of the non-dominant hemisphere correlated with age in the control group: FA Compared with healthy controls, non-dominant tract mean FA was lower in the AIS group (F(2,46) 5 7.91, P 5 0.001; 0.41 6 0.04 vs. 0.45 6 0.02) but not in PVI (0.43 6 0.03, P 5 0.1) (Fig. 4A) . Eight (57%) AIS and six (40%) PVI participants fell outside the normal range of FA in the non-dominant hemisphere (95% prediction interval of controls) (Fig. 4B) . MD was greater in both AIS (9.14 3 10 24 6 1.1 3 10 24 , P < 0.001) and PVI (8.51 3 10 24 6 7.1 3 10 25 , P 5 0.04) cases relative to controls (F(2,46) 5 12.5, P < 0.001; 7.87 3 10 24 6 3.1 3 10
25
; Fig. 4D ). Seven (50%) AIS and six (40%) PVI subjects fell outside the 95% prediction interval MD of controls (Fig. 4E) .
Mean RD was greater in stroke cases compared with controls (F(2,46) 5 12.9, P < 0.001). Both AIS (7.04 3 10 24 6 1.0 3 10 24 , P < 0.001) and PVI (6.43 3 10 24 6 6.7 3 10 25 , P 5 0.04) groups showed increased RD relative to controls (5.81 3 10 24 6 2.8 3 10 25 ; Fig. 4G ). Nine (64%) AIS and six (40%) PVI participants fell outside the 95% prediction intervals normal RD of controls (Fig. 4H) . The AIS group demonstrated greater AD compared with healthy controls (F(2,46) 5 9.66, P < 0.001; 1.33 3 10 23 6 1.3 3 10 24 vs. 1.20 3 10 23 6 4.2 3 10 25 ; Fig. 4J ). Seven (50%) AIS and three (21%) PVI fell outside the normal range of control AD (Fig. 4K) .
Fiber count was lower in AIS (1,898 6 1,198) and PVI (1,757 6 1,152) compared with controls (3,942 6 1,082; F(2,46) 5 21.7, P < 0.001; Fig. 4M ). Six (43%) AIS and eleven (73%) PVI participants fell outside the prediction intervals of fiber count of 95% of controls (Fig. 4N) . Control fiber count correlated with FA (R 5 20.67, P < 0.01), MD (R 5 0.54, P 5 0.01), and RD (R 5 0.63, P < 0.01). No differences in the diffusion properties of the lesioned hemisphere were observed between AIS and PVI groups.
Dominant Hemisphere DCML Diffusion Parameters
In the dominant hemisphere, MD correlated with age in both the AIS (R 5 20.80, P 5 0.001) and PVI (R 5 20.63, P 5 0.01) group. RD was correlated with age in the AIS (R 5 20.75, P < 0.01) and PVI (R 5 20.61, P < 0.05) groups. AD in the dominant hemisphere correlated with age in the AIS (R 5 20.71, P < 0.01), PVI (R 5 20.53, P < 0.05), and control (R 5 20.44, P < 0.05) groups. All diffusion variables were comparable between the dominant (contralesional) hemisphere in stroke participants and controls (Fig.  4) .
DCML Diffusion Differences Between Hemispheres
Mean, radial, and axial diffusivities, and fiber count were significantly lower in the lesioned, non-dominant hemisphere of the AIS and PVI groups relative to the 
Diffusion parameters of sensory tracts in cases and controls. Fractional anisotropy (FA) (A-C), mean diffusivity (MD) (D-F), radial (RD) (G-I), and axial (AD) diffusivity (J-L), and fiber count (M-O) are shown. Boxplots of diffusion parameters (top row) of non-dominant (light gray bars) and dominant (dark gray bars)
hemispheres are shown for each of the three groups. Scatter plots for the non-dominant (middle row) and dominant (bottom row) hemisphere diffusion measures show the stroke cases and controls with 95% prediction intervals of control performance defining normal boundaries (light gray box).
r Sensory Tractography in Perinatal Stroke r r 2431 r dominant hemisphere (P < 0.01). Interestingly, fiber count in the non-dominant hemisphere of controls was significantly greater than the dominant hemisphere (P < 0.001). Overall, FA and fiber count increased progressively with age, while mean, radial, and axial diffusivities decreased with age in all three groups (Fig. 4) .
Robotic Proprioception and Sensory Tractography Measures
Position-matching performance differed between stroke cases and controls as previously described (Table II) . The AIS group was more impaired and had greater Area xy (P 5 0.01) without vision, and Shift xy (P 5 0.04) with vision than the PVI group. Diffusion measures of the lesioned, non-dominant hemisphere correlated with variability (Var xy ), but neither Area xy nor Shift xy (Table III) . Robotic Var xy was moderately correlated with all diffusion measures of the non-dominant hemisphere: FA (R 5 20.41, R 2 5 0.16, P < 0.005; Fig. 4A ,B), MD (R 5 0.54, R 2 5 0.29, P < 0.005), RD (R 5 0.54, R 2 5 0.29, P < 0.005), AD (R 5 0.51, R 2 5 0.26, P < 0.005), and fiber count (R 5 20.48, R 2 5 0.23, P < 0.005).
Kinesthetic performance was impaired in stroke cases compared with controls in all eight parameters as described previously (Table II) . Compared with the PVI group, participants with AIS had greater initial direction error (IDE) when vision was occluded (P 5 0.02). DCML diffusion parameters of the lesioned hemisphere correlated with most kinesthetic measures (Table III) . IDE was moderately correlated with fiber count (R 5 20.44, R 2 5 0.19, P < 0.005) of the non-dominant hemisphere, but not FA (R 5 20.29, R 2 5 0.084, P 5 0.4; Fig. 4C,D) . Initial direction error variability (IDEv) was negatively correlated with fiber count (R 5 20.46, R 2 5 0.21, P 5 0.001) in the nondominant hemisphere (Table III) . In the dominant hemisphere, no diffusion measures of the DCML tract correlated with kinesthetic parameters (Table 5 ; Fig. 5 ).
Association Between Clinical Sensorimotor Function and Tractography Measures
AHA scores did not correlate with the average FA in the lesioned, non-dominant hemisphere in the AIS group (R 5 0.57, R 2 5 0.32, P 5 0.05) nor in PVI (R 5 20.024, R 2 5 5.8 3 10
24
, P 5 0.9) following correction for multiple comparisons. AHA scores correlated with the average MD Scores are shown as mean 6 standard deviation. The number of participants in each group that failed the parameter is shown. Statistical significance in performance compared with controls is indicated as: * P < 0.05; P < 0.01; † P < 0.001.
TABLE III. Relationship between robotic measures of proprioception and DCML DTI parameters
Non-dominant hemisphere Dominant hemisphere 
Position sense
Control Tract: Anterior Forceps
The anterior forceps tract was generated for all 50 participants. Mean diffusion measures did not differ between the AIS group and controls. For example, FA was 0.44 6 0.03 for AIS versus 0.45 6 0.01 for controls (P 5 1.0). The only exception was fiber count which was lower in the AIS group (11,953 6 3,812) compared with controls (15,376 6 2,935, P < 0.01). All diffusion measures were comparable between the PVI group and controls. Anterior forceps diffusion measures did not differ between AIS and PVI groups. Robotic proprioceptive measures did not correlate with any diffusion parameters of the anterior forceps (Table IV) . Clinical motor scores also did not correlate with the diffusion measures of the anterior forceps.
DISCUSSION
In this study, we characterized the structural connectivity and diffusion properties of DCML white matter pathways in children with perinatal stroke and hemiparetic CP. Compared with controls, children with AIS demonstrated robust differences across all diffusion parameters in the DCML tract in the lesioned, nondominant hemisphere, while children with PVI showed only moderate differences. Differences in white matter properties were not observed in the dominant hemisphere. Robotic position sense, kinesthetic performance, and functional measures correlated with lesioned DCML diffusion parameters, suggesting altered structural connectivity may in part explain proprioceptive disability that is clinically relevant.
Aside from motor disabilities, perinatal brain injury causes disturbances in sensation and perception that may contribute to functional disability [Bax et al., 2005; Bleyenheuft and Gordon, 2013; de Campos et al., 2014] . Studies in children with CP have reported impairments in touch threshold [Hoon et al., 2009] , proprioception [Hoon et al., 2009] , tactile discrimination [Auld et al., 2012] , and stereognosis [Tizard et al., 1954; Van Heest et al., 1993] . However, the study of sensory dysfunction in CP has been hampered by a lack of objective, accurate assessment tools. We believe that our study makes three important advances in studying proprioceptive dysfunction in children with perinatal stroke. Using robotic technology, we have previously demonstrated the sensitivity and specificity of the KINARM robot in quantifying position sense [Kuczynski et al., 2016] and kinesthesia [Kuczynski et al., 2016, in revision] in school-aged children with and without disability. Secondly, we have quantified the diffusion properties of the DCML pathway using diffusion tensor imaging (DTI) and shown differences in the white matter diffusion properties of these tracts in children with arterial and venous perinatal ischemic strokes. Our findings show that the diffusion measures of the DCML tracts in the lesioned, r Sensory Tractography in Perinatal Stroke r r 2435 r stroke-affected hemisphere of these patients does not follow the developmental curve of typically developing children. Finally, we have shown that these moderate differences in diffusion parameters in the lesioned DCML tract are associated with robotic proprioceptive performance.
TABLE III. (continued)
Lesions to the sensorimotor cortex or subcortical white matter cause abnormalities in posture, muscle tone, range of movement, and spasticity that result in disability for children with CP [Chang et al., 2009; Hoon et al., 2002; Nagae et al., 2007] . This damage may affect the development of cortical and thalamic regions critical for sensory processing [Tsao et al., 2014] . Previous diffusion MRI studies have described the association between structural connectivity of the descending corticospinal tracts [van der Aa et al., 2013; Kirton et al., 2007; Lennartsson et al., 2015; Roze et al., 2012; Yoshida et al., 2010] and posterior thalamic radiations [Hoon et al., 2009] with clinical function in hemiparetic CP. Many found that reduced FA and increased MD in lesioned tracts was negatively correlated with clinical function including the measures employed here (AHA, MA) [Rose et al., 2011; Tsao et al., 2013] . Changes in diffusion properties of the motor tracts appear comparable to those that we observed here in the lesioned DCML tracts. Reduced FA has been associated with a loss of uniformity of axonal fibers [Basser and Pierpaoli, 1996] , whereas increases in RD and MD may be consistent with reduced myelination and tract density respectively [Mori and Zhang, 2006; Song et al., 2002] . These findings suggest a disruption in axonal organization and density, with a corresponding loss of ordered diffusion in the lesioned sensory tracts following perinatal stroke, though pathological studies would be required to confirm this.
In the PVI group, differences in the diffusion measures of the non-dominant sensory tracts were more modest but also demonstrated greater mean and radial diffusivities compared with controls. The lack of FA and AD differences in PVI may suggest relatively greater structural preservation of sensory tract fibers reaching the post-central gyrus compared with children with AIS. Additionally, multimodal imaging studies have shown reorganization following early brain injury where the ascending thalamocortical pathways may bypass subcortical PVI lesions and ultimately reach the somatosensory cortex [Nevalainen et al., 2012; Staudt et al., 2006; Staudt, 2010; Wilke et al., 2008] . Consistent with these findings, we observed that surviving DCML tracts were often organized more posteriorly and laterally in the PVI group compared with controls. On the non-lesioned, dominant side, differences in diffusion parameters between stroke cases and controls were not observed, similar to other studies of thalamocortical projections [Rose et al., 2011] , supporting the specificity of the lesioned white matter diffusion changes we observed.
DCML projections in children with AIS and PVI displayed greater differences in sensory tract fiber counts between hemispheres compared with controls. This was expected and is likely attributable to a reduced number of somatosensory fibers in the lesioned, non-dominant hemisphere as a result of stroke-induced damage. This asymmetry was not associated with performance on robotic proprioception tasks or clinical sensory measures, suggesting that sensory tract microstructure (quality) may be more functionally relevant than tract volume (quantity). One study in healthy adults examined DCML tract morphology using the medial lemniscus, VPL thalamus, and primary somatosensory cortex as seed regions, finding a greater number of voxels in the seed masks of the DCML tract in the non-dominant hemisphere [Jang et al., 2012] . This is consistent with our findings of greater fiber count in the non-dominant hemisphere of our controls. Fiber count also displayed a negative association with age; suggest pruning or other developmental modification. That our sample spanned a large age range allowed us to assess the maturation of the DCML pathways in children with perinatal stroke compared with typically developing children. Adolescence is an active period of white matter development [Lebel et al., 2008 [Lebel et al., , 2012 Lebel and Beaulieu, 2011] , and understanding the potential alteration of white matter tracts caused by perinatal stroke during this time is important. Consistent with previous findings, all three groups showed FA increases and MD, RD, and AD decreases with increasing age. However, our results show that while the dominant hemisphere of hemiparetic children appears to follow a developmental trajectory similar to controls, diffusion measures in the lesioned hemisphere differed from the normative values of the healthy population. These patterns suggest intriguing possibilities that may have implications for rehabilitation planning. It could be that the lesioned hemisphere is not following the expected white matter developmental curve. Alternatively, the typical changes in white matter that occur with maturation may be delayed by the injury (i.e., lagging behind the curve). Through intensive therapy, there may be the potential to change the diffusion properties of the strokeaffected tracts toward more normal developmental curves, possibly improving sensorimotor function. Studies from adult stroke do suggest that diffusion measures [Fan et al., 2015; Wen et al., 2016] and cortical volume [Gauthier et al., 2008] of corticospinal tract connectivity can be changed by intensive therapy. Inclusion of such imaging measures of both motor and sensory tracts before and after intensive rehabilitation in hemiparetic children may carry such utility in the future.
Changes in the lesioned DCML pathway of children with AIS were associated with clinical motor function as measured by standardized assessments. Both the Assisting Hand Assessment and Melbourne Assessment scores were negatively correlated with MD and RD of the dominant hemisphere. These findings suggest that the preservation and or developmental recovery of these primary somatosensory connections likely contribute to overall sensorimotor disability. That clinical assessments specific to sensory function were not related to DTI indices was not surprising as we have previously demonstrated the low sensitivity and specificity of such clinical tests [Kuczynski et al., 2016] . Our findings that sensory tract white matter structural connectivity contributes to disability in perinatal stroke does not preclude the involvement of cortical components of the sensory network. In fact, stronger associations were observed in AIS patients with cortical lesions compared with purely subcortical lesions in the PVI group, suggesting an important role for cortical structures such as the primary somatosensory cortex. Our study cannot distinguish between primary effects of direct injury to the white matter versus secondary degenerative changes that might occur following cortical injury. Integration of other imaging tools in this population may help elucidate the role of cortical sensory processing including resting state functional MRI. Although there have been limited studies to date, task functional MRI offers the potential to define individual cortical reorganization that might then be used a guide for placing ROIs to generate sensorimotor tracts [Walther et al., 2009] . As many hemiparetic children with perinatal stroke have motor control in the contralesional hemisphere, the reorganization of the sensory and motor cortex may also be relevant to clinical function [Kirton, 2013] . Ultimately, the integration of these and other neurophysiological measures to create comprehensive, individualized maps of brain development following early focal injury will advance targeted therapy and personalized medicine in cerebral palsy rehabilitation.
CONCLUSION
Using diffusion tensor imaging, we have characterized the diffusion properties of the DCML pathway in children with perinatal stroke and typically developing controls. The lesioned, stroke-affected hemisphere demonstrated strong differences in the AIS group, and more moderate differences in the PVI group, relative to controls. Robotic measures of proprioception and clinical measures correlated with lesioned hemisphere diffusion parameters. With increasing age, FA increased while MD, RD, AD, and fiber count decreased. The lesioned tracts in children with AIS and PVI followed a similar pattern but fell outside the normal range of DCML tract diffusion parameters of typically developing children. No differences were observed in the diffusion variables in the dominant hemisphere DCML tracts which followed a typical developmental trajectory. Our findings suggest clinical relevance of altered structural connectivity in the lesioned DCML sensory tracts in children with perinatal ischemic stroke.
